Abstract: Dynamic mechanical analysis (DMA) techniques are commonly applied to characterize polymer-based materials -but little if at all to characterize semiconductor thermoelectric (TE) materials. TE materials may be coupled with polymeric materials in advanced thermoelectric devices, and the knowledge of TE material properties will be useful in the choice of materials for future applications. We have obtained DMA results for both n-type and p-type bismuth telluride based TE materials. We find that tan δ values, indicative of viscoelastic energy dissipation modes, approach the values for glassy or semi-crystalline polymers, and are larger by more than a whole order of magnitude than the tan δ of structural metals. DMA thermal scans show clear hysteresis-type effects and a correlation with differential scanning calorimetry thermal transitions. DMA properties as a function of frequency are briefly discussed. Our results show that DMA techniques are useful in the evaluation of thermophysical and thermomechanical properties of these TE materials and of assembled coolers. The viscoelastic effects we report may provide a damping mechanism for severe stresses inherent to service conditions of the TE coolers.
Introduction
Thermoelectric (TE) materials are utilized in the production of thermoelectric coolers, which in turn are important components in a wide range of industries. These industries include space, automotive, telecommunications, and consumer products. Bismuth telluride based TE materials are relatively soft, brittle polycrystalline materials. With structures ranging from mica-like (layered) to sandstone-like (grainy) depending on the processing conditions, TE materials exhibit varying degrees of anisotropic thermoelectric and mechanical behaviour [1] [2] [3] . The thermoelectric properties of these materials are well characterized, but relatively little has been 1 published on the mechanical and thermomechanical properties of these materials. Surveys of the literature pertinent to this work showed that the reports available typically address thermoelectric as opposed to thermomechanical properties of TE materials. For example, a professional search by NERAC [4] for literature pertaining to the thermomechanical properties of thermoelectric materials produced only 28 citations. Only about one-half of these citations pertained to the mechanical properties of bismuth telluride based materials. In contrast, the proceedings for one thermoelectric conference in Japan contained 118 papers and posters with virtually all of them pertaining to structural, thermoelectric, and processing issues. The thermoelectric properties of bismuth telluride based TE materials are well characterized due to the application of these materials to products such as thermoelectric coolers and heat generators [1, 2] . Therefore, the thermoelectric properties can be readily obtained from the literature including the Seebeck parameter, the thermoelectric figure of merit, the semiconductor carrier concentration, and the electrical resistivity.
Understanding the mechanical and thermomechanical properties of TE materials, however, is useful in modelling the TE material interaction with other materials used in the TE cooler assembly, e.g., metals, solder, ceramics, polymers, and glasses. In addition, thermomechanical analyses provide useful information about the structure of the material. Dynamic mechanical analysis (DMA) is of interest due to the relative ease of use, the ability to measure mechanical properties as a function of temperature and frequency, and the potential to measure TE coolers. In this paper, we report DMA results from a series of analyses designed to test the utility of the DMA technique to this class of materials.
Experimental part

Material properties
Nolas et al. [2] give several formulae for TE materials. A typical n-type TE material is The majority of this work focused on non-production quality Bridgman-grown [2] materials due to the ease of obtaining these materials. According to Goldsmid [1] , this process results in covalently bonded Bi + Te in the sequence -Te(1)-Bi-Te(2)-Bi-Te(1)-. This sequence is repeated until a crystal boundary is reached. No bonding electrons remain for Te(1), however, and adjacent Te layers are weakly bonded with van der Waals bonds. These weakly bonded planes contribute to the material potential anisotropy and for a typical n-type Bridgman material result in a strongly layered structure similar to graphite or mica. Fig. 1a shows a view of the Bi + Te + Se structure patterned after that given by Carle [5] . Fig. 1b shows the layered, mica-like structure on the macro level for an n-type Bridgman sample bent during one analysis. N-type Bridgman grown samples will be designated NTB and p-type Bridgman samples will be designated PTB.
We have also investigated non-production TE material grown with an alternate process. These samples will be designated as 'AN' for alternate n-type and 'AP' for alternate p-type. The AN and AP structure is analogous to a sandstone-like material 2 with more homogeneous aggregates or grains, and is expected to be more isotropic in its mechanical properties. The AP and AN materials tend toward brittle fracture and occasionally fracture during sample preparation. The aggregate or grain boundaries are expected to play a role in the material response to applied stress. If the grain boundaries are randomly distributed without a preferred orientation, these materials are expected to show less anisotropy due to more uniform bond strength in the different crystal directions. Fig. 2 shows a simplified drawing of possible material structure extremes.
(a) (b) TE elements used in cooler applications are processed such that the van der Waals or cleavage planes run parallel to the current flow direction. This direction will be referred to as either parallel to the element direction or parallel to the cleavage plane.
The direction parallel to the cleavage planes is in the direction of ingot growth. The van der Waals planes, i.e., cleavage planes, in both the n-type and p-type Bridgman materials are expected to affect any response to an applied stress since slippage or movement of these planes provides a mechanism for energy dissipation and strain relief.
Thermomechanical methods
A Perkin Elmer (PE) Series 7e was used for the dynamic mechanical analysis (DMA). The DMA technique is described in the literature, including an entire book by one of us [6] [7] [8] . The various DMA analysis modes include flexural 3-point bending, flexural 4-point bending, ASTM flexure, cup and plate, tray and plate, parallel plate compression, single cantilever, double cantilever, shear sandwich, and extension. We have used DMA before, achieving among others, separation of gelation from vitrification in fibre-reinforced epoxies [9] . Given the literature [6] [7] [8] , we now describe these parameters only briefly. The Series 7 DMA determines storage modulus, loss modulus and tan δ as a function of temperature (0 to 600°C), frequency (0.01 to 51 Hz) or both by applying a sinusoidal force to the sample and measuring the material response. The storage modulus, E', is analogous to Young's modulus in reflecting the material strength. The storage modulus in extension should be close to Young's modulus in the material linear elastic response region. The loss modulus, E'', reflects the energy loss due to friction and internal motion in viscoelastic materials [6] [7] [8] [9] [10] . tan δ is the ratio of loss to storage modulus, E''/E', and therefore should be independent of geometry. Since the numerator represents the viscous flow component, tan δ is an indication of material ability to dissipate or efficiently lose energy.
The DMA measuring systems used in this present work include flexural 3-point bending and parallel plate compression. The flexural 3-point bending sample set-up included a rounded probe and rounded-edged platform. The rounded probe was used to minimize any penetration into the relatively soft TE material. The 3-point bending platform had a width of 5 mm. A larger width may be advantageous since it may allow greater amplitudes but the samples available were limited to lengths of 7 to 10 mm. The flexural 3-point bending fixture used for these analyses placed compressive stress on the top of the sample, tensile stress on the bottom of the sample and gradient shear through the centre of the sample. The 3-point modulus is influenced by factors such as flaw size and flaw distribution and has the following relationship to 4-point and tensile moduli, 3-point modulus > 4-point modulus > tensile modulus. For the compressive test the samples were simply placed between two parallel plates.
A Perkin Elmer DSC6 power compensated dynamic scanning calorimeter (DSC) was used to measure material changes versus temperature for comparison with the DMA results. The DSC measures the heat flow in and out of the sample and provides information on thermal transitions such as crystallization, melting, glass transition, reaction rates, and heat of fusion. Quantitative DSC analysis was outside the scope of this work, and the information of primary interest was the temperature of potential material thermal transitions. Samples for both the DMA and DSC were prepared from ingots of material that were sliced into wafers and cut into samples of appropriate size.
DMA results
Materials with large viscoelastic effects at ambient temperatures, e.g., certain polymers, have the loss tangent, tan δ, in the range 0.1 to 3. Glassy and crystalline polymers have values around 0.1. Soft cross-linked polymers have values of 0.01 at low frequencies [11] . Structural metals such as steel, brass, and aluminium have values of 10 -3 or less, indicating small viscoelastic effects; e.g., aluminium alloy type 6061-T6 has tan δ of 3.6·10 -6 [12] . For a material subjected to sinusoidally oscillating stress, the strain is exactly in phase with the stress in a perfectly elastic solid and 90° 4 out of phase in a perfectly viscous liquid. However, for viscoelastic materials the strain is somewhere in between. Polymers have both local and long-range rearrangements ('kinks, curls, and convolutions') that occur in response to stress. Polymer rearrangements due to kinks are on a local scale and are relatively rapid. Polymer rearrangements due to convolutions are on a long-range scale and are very slow [6, 11] . There may be analogous relationships in TE materials, e.g., local-type phenomena would be the crystal defects, interstitial species, etc. while long-range phenomena would be the van der Waals planes and polycrystalline grains.
The stiff, brittle nature of the TE materials suggests that the sample geometry can be important in determining the DMA modulus. With a thick sample, the experimental data showed that the instrument-induced amplitude is insufficient for accurate determination of the mechanical properties. A sample thickness between 0.2 and 0.3 mm for the NTB material gave E' values of 1.2·10 10 to 2.0·10 10 Pa. We recall that E' values should be close to those obtained in quasi-static tensile testing. Hess [13] has provided a comparison of tensile yield strength for a variety of classes of materials. Our E' results are close to the yield strength values for glass-fibre reinforced polyesters and lower by one order of magnitude than the yield strength of aluminium alloys [13] . Our materials can be experimentally studied with DMA in flexural 3-point bending mode. For same-size samples, the DMA technique provides relatively precise information for comparative analysis [3] .
As expected, tan δ for the NTB samples did not show the same dependence on sample thickness as the storage modulus. For comparison of samples with different thickness, the tan δ value is a better choice than E' and E''. There is a considerable spread of the tan δ data, 0.020 to 0.080, but this may indicate real differences among the samples due to material properties or sample preparation. In other words, the results suggest that the determination of tan δ with its high sensitivity to the nature of the material might serve as an unusually sharp tool for evaluating differences between materials.
Material comparisons
Four TE materials (NTB, PTB, AN, and AP) were analyzed by DMA in this feasibility study. Thin wafers were cut from ingots and rectangular samples were then cut from the wafers. The rectangular samples were cut so that the top surface was in the same orientation as regular TE material elements used in production of TE coolers. As noted previously, this orientation is referred to as 'parallel to the TE element direction'. No special attempt was made to isolate more specific material orientations.
The DMA technique showed the expected ease of use, however, sample preparation is not trivial due to the nature of the TE materials. As mentioned, the desired sample thickness is 0.2 to 0.3 mm. The NTB and PTB samples could not be consistently cut to this range without significant deformation and, therefore, are nominally 0.6 mm. The sample dimensions must be considered carefully in material comparisons. For example, E' and E'' were measured perpendicular to the TE element direction for two n-type NTB samples of 0.53 and 0.38 mm thickness. The 0.53 mm sample's E' was 36% lower and E'' 12% lower than the 0.38 mm sample. All samples were nominally 10 mm in length.
The data is summarized in Tab. 1. The sample ID gives the material, type, and individual sample letter. For example, NTB-A is 'sample A' cut from an n-type Bridgmangrown ingot and sample NTB-B represents a different sample cut from the same ingot. A thickness normalization factor was determined and applied to the NTB and PTB samples, and is shown in parenthesis. The non-normalized data suggest that the storage modulus E' is higher for the alternate process material compared with the standard process material. However, the normalized E' values suggest no readily discernible difference. The data suggest that the loss modulus E'' is slightly higher for the alternate process material compared with the standard material. This is also shown in the tan δ of the alternate material, which is greater than that of the standard material. Since tan δ is essentially geometry independent, this suggests a real difference between the standard and alternate materials. This result is consistent with the previously discussed differences between the standard and alternate processed materials, i.e., the standard process material is a highly layered structure similar to graphite or mica, and the alternate process material is an aggregate or grain structure. The aggregate, grain structure apparently allows greater dissipation of energy associated with grain boundary movement or the slipping movement of the much shorter van der Waals layers within each aggregate or grain. All four of the sample types, however, have relatively low tan δ values.
As illustrated in Fig. 3 , the TE material tan δ values are one to two orders of magnitude lower than for viscoelastic polymers and one to two orders of magnitude higher than for structural metals, approaching the values of glassy or semi-crystalline polymers. The observation of the somewhat unique tan δ values and implied viscoelastic nature of these thermoelectric materials may have implications for understanding the ability of TE materials to be successfully integrated with the different materials in thermoelectric coolers. For example, the ability to dissipate energy viscoelastically may provide a damping mechanism for the stresses inherent in the severe thermal environment of a thermoelectric cooler.
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The lower E'' and tan δ values for the alternate material are likely related to its ability to dissipate energy through internal motions, e.g., atomic vibrations and molecular motions as discussed previously. This in turn should be a function of the free volume of the material, i.e., the space in which a molecule can move or vibrate. For TE material, this would include dislocations, vacancies, other material defects, and grain boundaries. Note that if the standard material had been measured perpendicular to the TE element direction, i.e., perpendicular to the van der Waals or cleavage planes, a greater possibility for plane slippage might be expected relative to the alternate material.
Fig. 3. Comparison of tan δ ranges for various materials
Thermal effects
During fabrication of TE coolers, the TE materials are exposed to thermal processes. The effect of thermal processing was simulated with the DMA and differential scanning calorimetry (DSC). Two TE materials, NTB and AP, were analyzed. The NTB DMA sample was 3.8 mm square and 4.8 mm in thickness and included a metal thick-film on the top and bottom surfaces. The parallel plate compressive mode was chosen for this sample based on the sample dimensions. A different NTB sample from the same material batch was used for the DSC analysis. Two AP material DMA samples were analyzed in the flexural mode and were nominally 0.6 mm in thickness.
The DMA results are compared to DSC data from an AP sample that was cut from the same wafer as AP1. As with previous analyses, the DMA samples were prepared so that the top surface is in the same orientation as regular TE material elements used in production of TE coolers.
Fig. 4 includes E', E''
, and tan δ from the NTB sample, and the DSC scan and its derivative from the second NTB sample. In addition, DSC effects are labelled since these represent possible material thermal transitions. Several of these thermal effects are relatively small but cannot be ignored since they correspond to DMA moduli changes. The loss modulus and tan δ initially increase until the sample reaches about 50°C. They then steadily decrease until about 90°C but there is no obvious, reliable DSC transition up to this temperature. The DSC data suggest a possible transition at 75°C but more data is required to substantiate this transition. The next major DMA shift is for the storage modulus at 114°C with no corresponding DSC transition. However, there is a marked drop in the loss modulus and tan δ at 128°C with an exothermic DSC transition at the same temperature. The storage modulus increases in this general region also. The exothermic transition suggests a material change such as crystallization, changes in defect structure, or transition from one crystal phase to another. An increase in crystallinity, for example, suggests a decrease in the sample free volume and would fit the observation of increased E' and decreased E'' and tan δ. There is a similar pattern for the 193 and 237°C regions. The specific mechanisms involved at these thermal transitions have not yet been identified. The endothermic 266°C transition has been observed before, and is a bismuth telluride eutectic transition. Even though this is a non-stoichiometric ternary alloy and not pure bismuth telluride, it is interesting that the effect of the 266°C transition on the mechanical properties is a relative minimum for E' and only possible spikes in E'' and tan δ. There is a minimum in the AP1 E' near 75°C, and an increase beginning at the 137°C DSC transition. AP2 shows similar behaviour near 75°C but does not appear to have the same behaviour at 137°C. Recall that there was a possible DSC thermal transition at 75°C in the n-type NTB sample under compression, but no corresponding effect observed in its mechanical properties. At 155°C, the storage moduli for both AP1 and AP2 appear to plateau and as noted previously the AP1 tan δ begins to increase. The storage modulus appears to be relatively unaffected by the 121, 190, and 204°C DSC transitions in either sample. The change in storage modulus from 25 to 75°C is approximately 1%, indicating a good resolution for evaluating changes in the mechanical properties of these materials.
DMA thermal scans were performed on AN and AP samples to measure the effects of an air ambient thermal cycle. The samples dimensions, width 0.6 mm, depth 0.6 mm, and thickness 1.4 mm, were typical of TE elements used in cooler fabrication. The samples had a thin nickel film on either end, which is typical of standard TE elements [1] . The analysis runs consisted of three thermal steps: 1) heating from 10 to 390°C at 20 K/min, 2) holding at 390°C for 3 min, and 3) cooling from 390 to 50°C with static force of 3800 mN and dynamic force of 3600 mN at the 1 Hz frequency. Preliminary results for NTB and PTB samples [3] showed a clear hysteresis-type effect very similar to the present results. Fig. 6 shows the E' data from the thermal scans; there is a clear hysteresis-type effect. These results suggest there are structural changes in the TE + nickel metal system during the thermal exposure. As with the NTB and PTB samples previously reported, these changes could be in the TE material, the metal or the TE + metal interface, and could be associated with mechanisms such as oxidation or sintering.
Comparative analysis in an inert atmosphere would assist in determining oxidation effects; in typical industrial processing, these TE materials are thermally processed in air, and oxidation effects must be considered. The tan δ data is shown in Fig. 7 and shows a change in the potential damping ability from a value of 0.015 to 0.005 after the thermal cycle. This change in tan δ may have implications for TE material performance in the extreme operational environment of TE coolers, which may require a temperature difference of up to 100°C over a few millimetres distance. Note that this change, however, is still above the typical range of structural metals. The combination of DMA and DSC analyses applied to bismuth telluride based materials allows the correlation of thermal transitions to changes in thermomechanical and thermophysical properties. The thermal analyses, of course, can be designed to simulate material processes in thermoelectric cooler assembly. Both compressive and flexural DMA were applied successfully. In addition, we infer that changes in the storage modulus of less than 1% can be correlated to material thermal transitions. Additional characterization techniques applied to the specific TE materials should elucidate mechanisms for the observed mechanical property changes.
Frequency effects
DMA analyses of the dynamic mechanical properties as a function of the frequency of applied stress were performed. Within the scope of thermomechanical technique evaluation, both TE materials and assembled coolers were analyzed for the general effect of frequency on the thermomechanical properties. The viscoelastic properties of a material are a function of stress, strain, and time. In a dynamic analysis, a decrease in frequency, an increase in time, or an increase in temperature, often manifest equivalent effects on modulus [14, 15] . Thus, an increase in frequency produces effects on the modulus equivalent to a decrease in temperature or shorter experiment time. At a high frequency, the material has little time to adjust to the applied load before the opposite load arrives. Full exploration of the specific mechanisms for the observed frequency behaviour is outside the scope of this initial work, but these data show this area to be an excellent candidate for future studies.
Frequency scans performed on an AP material in the flexural 3-point bending mode show interesting behaviour for loss modulus and tan δ as illustrated in Fig. 8 . The sample dimensions were: thickness of 1.4 mm, depth 3.0 mm, and width 5 mm. The frequency of the applied force was scanned over the range 0.01 Hz to 51 Hz, and the frequency scan was performed at 85°C since this is a standard reliability test temperature for TE coolers. The sample had previously been exposed to a thermal cycle of 25 to 250°C at the heating rate of 10 K/min, and hysteresis-type effects are likely as discussed relative to Fig. 6 above. Note that TE materials are often exposed to temperatures in the region of 250°C during soldering processes but with relatively short thermal cycles. Loss modulus and tan δ both had low values up to the frequency of 0.1 Hz, where there was a marked increase of several orders of magnitude. The large, abrupt negative spike at 0.25 Hz is for the one data point only and may be an instrument artefact. A second change in loss modulus and tan δ begins at about 20 Hz with a very sharp drop at the frequency of 30.2 Hz. This drop is several orders of magnitude for both loss modulus and tan δ. At the higher frequency, the tan δ again drops to that of structural metals -indicating a significant change in TE material viscoelastic properties. The relatively small change in E' versus the enormous changes in E'' and tan δ again point to the utility of tan δ for comparison of different samples. The transitions at the higher frequencies also suggest the need for comparative analysis at lower temperatures. 9 shows a flexural DMA frequency scan of an assembled TE cooler with thickness of 1.5 mm, depth 6 mm, and width 5 mm. It has nominally 20 n-type and p-type couples and was exposed to processing temperatures of 350°C. The applied forces were static force of 3800 mN and dynamic force of 3600 mN and the frequency scan was also performed at the temperature of 85°C. Changes in E'' and tan δ were again observed at both low and high frequencies. A sharp change was observed at 0.2 Hz and the higher frequency change begins around 24 Hz with a sharp drop at 33.8 Hz. The lower transition frequency is different than that observed for the AP samples. The higher frequency change of 33.4 Hz, however, is very close to the transition observed in the AP TE material; it suggests that the TE material dominates the frequency behaviour in a system that includes a top and bottom ceramic, metal bonding pads, and joining materials. In cooler assembly, wafers of TE material are diced into smaller elements, and these small elements lend themselves to compressive DMA analysis. Within the scope of technique evaluation, NTB and PTB elements with two different metallizations, nickel (Ni) and molybdenum (Mo), were analyzed over 0.01 Hz to 51 Hz at 25°C. The purpose of these analyses was to evaluate the ability to discern different effects from the different TE to metal interfaces. All of the TE elements had depth and width of 0.9 mm. The thickness of the elements was different with a Ni element thickness of 1.5 mm and Mo element thickness of 1.9 mm. The Te + Ni elements had higher frequency transitions than the Te + Mo elements, but the possible effects of sample thickness on the difference were not investigated in this work. Tab. 2 shows the results for these analyses, and suggests the DMA technique is useful for evaluating these sample types. The similar shifts in loss modulus and tan δ in the 9 to 13 Hz range for all sample types suggest that the TE material again dominates the frequency effects. Also, the n-type elements for both the Ni and Mo metallization showed the tan δ drop at a lower frequency than the corresponding p-type elements. Additional samples with and without metallization would help clarify this observation.
We have investigated both layered and more homogeneous sandstone-like materials.
We recall the work of Kim and co-workers [16] who have applied pulse electric current sintering to create mono-size Ni particles + Al 2 O 3 nanocomposites. Even with one preparation technique, they obtained a variety of structures including those with undesired ferroelectric properties. In our case, we have quite a range of processing options. Using DMA to precisely characterize the thermoelectric materials and on this basis to optimize their processing appears an attractive option. 
